INTRODUCTION
Actinic keratoses (AKs) are common premalignant skin lesions that typically present as single or multiple lesions on sun-exposed areas such as the face and scalp of fairskinned populations 1 . It has been estimated that 60% of predisposed persons aged ＞40 years have had at least 1 AK 2 . AKs have been estimated to evolve into squamous cell carcinoma in 0.025% to 16% of cases, which is why treatment is recommended 3 . Many effective treatments for AKs are available, including ablative procedures (surgery, laser ablation, curettage, cryotherapy) and topical treatments (photodynamic therapy [PDT], 5-fluorouracil, 3% diclofenac gel, and 5% imiquimod cream) 4 . Currently, photodynamic therapy is the first-line therapeutic option for multiple AKs, owing to its efficacy and excellent cosmetic outcomes 5 .
PDT is based on the activation of photosensitizers, which form cytotoxic oxygen radicals, causing tissue damage and cell death 6 . The most common photosensitizers used for PDT are 5-aminolevulinic acid (5-ALA) and methyl aminolevulinate (MAL) 7 . 5-ALA is a hydrophilic molecule that has limited ability to penetrate through cellular membranes and into the interstitial tissue space 7, 8 . MAL is an ALA ester with enhanced lipophilicity, which enables enhanced penetration and a greater target-cell specificity 7, 9 .
For these reasons, most dermatologists believe that MAL-PDT may be more effective than ALA-PDT for multiple facial AKs.
To date, numerous studies about the efficacy, cosmetic outcomes, and safety of ALA-PDT or MAL-PDT for multiple AKs have been conducted in Caucasian populations [10] [11] [12] [13] [14] [15] [16] [17] . However, there are insufficient data about the efficacy of either PDT modality for multiple AKs in darkskinned ethnic groups [18] [19] [20] [21] [22] [23] . Furthermore, few studies have evaluated the efficacy of ALA-PDT with a long-term follow-up period in Asian populations 23 . Previous studies
showed that the efficacy of ALA-PDT in Asian patients was similar to that in Caucasian patients [18] [19] [20] 23 . However, higher light doses, longer irradiation times, and several treatment sessions were required because melanin absorbs the light intended for protoporphyrin IX (PpIX) in dark skin types [18] [19] [20] 23 . Because there are differences in the long-term efficacy and safety of PDT between Asian and Caucasian populations, data obtained from Caucasians cannot necessarily be applied to the Asian population. Therefore, we performed this retrospective study to compare the long-term efficacy, recurrence rates, cosmetic outcomes, pain intensity, and safety between ALA-PDT and MAL-PDT for multiple facial AKs in Korean patients.
MATERIALS AND METHODS

Study patients
A total of 58 Korean patients with multiple facial AKs participated in the study after providing written informed consent between November 2007 and December 2011. All patients with 2 to 10 facial AK lesions were included. The diagnosis was based on the results of clinical assessment and histopathological analysis. The exclusion criteria included immunosuppression, porphyria, known allergy to 5-ALA or MAL, pregnancy or lactation, and conditions associated with a risk of poor compliance. Patients who underwent regular ultraviolet radiation therapy or treatment of the face with local therapy (including cryotherapy and curettage) in the previous month, or topical therapy (including imiquimod and 5-fluorouracil) in the previous 3 months were excluded. The study was approved by the institutional review board of the Dong-A University Medical Center, and was performed in accordance with the Declaration of Helsinki (1975). 
Treatment protocol
Response evaluation
All patients attended follow-up evaluations at 1 week, 3 months, 6 months, and 12 months after treatment for response assessment. After a complete response was achieved, all lesions were biopsied at the patients' visit when a recurrence of the lesion was clinically suspected.
Long-term efficacy, recurrence rates, and cosmetic outcomes
The clinical treatment efficacy was measured at 3, 6, and 12 months after PDT. The clinical response was classified as either a complete response (complete disappearance of the lesion) or noncomplete response (incomplete disappearance of the lesion) by using visual examination and palpation. The recurrence rates were evaluated as follows: first, we diagnosed complete-response lesions 3 months after PDT. Subsequently, we reexamined the lesions at 6 
Pain score
Patients were asked to evaluate their pain during lesion illumination and after PDT. Pain was evaluated by using a visual analogue scale (VAS) of 0 to 10, with 0 indicating no pain and 10 representing the worst imaginable pain.
Safety
Immediately after PDT and at 1 week after the treatment, short-term adverse events such as erythema, burning sensation, hyperpigmentation, crust formation, pruritus, edema, and bullae were graded as follows: mild (the event was transient and easily tolerated), moderate (the event caused the patient discomfort and interrupted their usual activities), and severe (the event caused considerable interference with the patient's usual activities, and may have been incapacitating or life-threatening). In addition, the number of long-term adverse events, such as the development of new lesions and skin cancer, was assessed at 3, 6, and 12 months after treatment in both the groups.
Statistics
The treatment efficacy and recurrence rates were tested by using the paired Student t-test. The local adverse events and patient cosmetic outcomes were compared by using contingency tables and the chi-squared test or Fisher exact test. The outcome variable was lesion count, and the predictor variable was time, modeled as a categorical variable. We adjusted for the within-person correlation to account for the correlation in the same patient across different time points. Pain was graded by using the 1-way ANOVA test. The level of statistical significance was set at p＜0.05. All statistical analyses were performed by using a software package (SPSS version 15.0; SPSS Inc., Chicago, IL, USA).
RESULTS
Patient population
The baseline characteristics of both PDT populations, including age, duration of lesions, sex, skin type, overall thickness grade, and number of lesions before the treatment, are summarized in Table 1 . The study population consisted of 58 patients, including 15 men and 43 women with a mean age of 69.2±8.8 years (range, 52∼87 years). A total of 29 patients with 153 lesions were treated with ALA-PDT, and 29 patients with 69 lesions were treated with MAL-PDT. Both the groups of patients had similar demographic and baseline characteristics. Moderate to severe AKs were observed in 66.7% of patients in the ALA-PDT group and in 91.3% of patients in the MAL-PDT group. The ALA-PDT group included slightly more number of patients with Fitzpatrick skin type III and V and fewer patients with skin type IV than the MAL-PDT group, with no significant difference.
Long-term efficacy, recurrence rates, and cosmetic outcomes
ALA-PDT was similar to MAL-PDT with respect to the complete response rate at 3, 6, and 12 months after treatment, with no significant difference ( Fig. 1) . At 3 months, the complete response rates were comparable between the ALA-PDT and MAL-PDT groups (68.0% vs. 62.3%; p=0.410). The efficacy at 6 months after PDT was 63.4% for ALA-PDT and 56.5% for MAL-PDT (p=0.441). At 12 months, the complete response rates were similar in the ALA-PDT and MAL-PDT groups (55.0% vs. 45.1%; p= Values are presented as number/total number (%). ALA-PDT: 5-aminolevulinic acid photodynamic therapy, MAL-PDT: methyl aminolevulinate-photodynamic therapy. 
0.395).
Both PDT modalities demonstrated significantly superior efficacy at 3 months compared with that at 12 months (p=0.015). For the complete response rates at 3, 6, and 12 months after PDT according to the Olsen grade, a higher efficacy was observed in mild (grade 1) AKs compared with that in severe (grade 3) lesions. At 3, 6, and 12 months after PDT, the Olsen grade-based response rates were similar between both the groups, with no significant difference ( Table 2 ). Histopathological and clinical improvements of the representative moderate to severe cases of AK were observed with both ALA-PDT and MAL-PDT (Fig. 2, 3 ).
The recurrence rates at 6 months after treatment were 6.7% for ALA-PDT and 9.3% for MAL-PDT, with no significant difference. There was also no significant difference in the recurrence rates between both the modalities at 12 onths after treatment (ALA-PDT, 16.3% vs. MAL-PDT, 18.6%). There was a lower tendency of recurrence in the ALA-PDT group than in the MAL-PDT group at 6 and 12 months after treatment, although this difference was not statistically significant. The lesion recurrence rates were lowest at 6 months, and then significantly increased gradually up to 12 months post-PDT for both modalities (p= 0.013; Fig. 4 ). On the basis of the Olsen grade, mild AKs showed lower recurrence rates than the other subgroups of AKs in both PDTs (data not shown). The cosmetic outcome after treatment was graded as excellent or good by 89.6% of patients who received ALA-PDT and 96.5% of patients who received MAL-PDT.
There was no significant difference in the overall cosmetic outcomes at 12 months after PDT between both the modalities (p=0.557; Fig. 5 ).
Pain
All patients experienced mild to severe pain during lesion illumination. During the illumination procedure, MAL-PDT caused significantly less pain than ALA-PDT (p=0.005), with a median VAS score of 3.4±2.0 and 5.0±2.4, respectively (Fig. 6 ). Table 3) . Most adverse events were of mild or moderate grade, and lasted for a short period. All patients continued treatment because the adverse effects were tolerable. At 12 months after treatment, the number of new lesions was not significantly different between both the treatment groups; 12 new lesions occurred in the ALA-PDT group and 11 new lesions occurred in the MAL-PDT group. There was no occurrence of skin cancer in both the PDT groups at 3, 6, and 12 months after treatment. 
Adverse events
DISCUSSION
PDT is the first-line treatment modality for AKs because of its excellent efficacy and cosmetic outcomes 24 . Some comparative studies of conventional treatment modalities such as cryotherapy 10, 25 , topical 5-fluorouracil 26 , and MAL-PDT for AKs demonstrated similar efficacy and cosmetic outcomes. Numerous studies have demonstrated the efficacy of ALA-PDT [11] [12] [13] or MAL-PDT 10,14-17 in multiple AKs. In previous studies with ALA-PDT, complete response rates were reported in 73% to 91% of cases [11] [12] [13] . Previous studies on MAL-PDT have shown complete response rates of 69% to 92% for AKs on the face and scalp of Caucasian populations 10,14-17 . To date, there have been insufficient studies on dark-skinned ethnic groups that have demonstrated the efficacy of ALA-PDT for AKs [18] [19] [20] 23 . Nakano et al. 18 showed that ALA-PDT is useful for the treatment of AKs in Asians, and its efficacy might depend on the lesion size and histopathological severity. However, several treatment sessions (3∼6) are needed to achieve a similar efficacy as in Caucasians, and 2 other studies on ALA-PDT reported that its efficacy was 73% to 82% 19, 23 . According to a study performed in Korea, ALA-PDT for AKs on the face and scalp showed a complete response rate of 67% after a single session of ALA-PDT 20 . Additionally, in that study, the efficacy of ALA-PDT was 92% after 1 to 2 sessions 20 . Compared with this previous Korean study, a similar efficacy of ALA-PDT was observed in the present study. In addition, few studies have evaluated the efficacy of MAL-PDT for AKs in Koreans 21, 22 . Three months after a single treatment with MAL-PDT, Park et al. 21 recorded total clearing of 66% of lesions on the face and chest. Suh et al. 22 assessed patients 3 months after their last treatment, and documented a histopathological complete response rate of 86% after 2 sessions of MAL-PDT. Our results showed that 12 weeks after treatment, the overall complete response rate was consistent with the results of that of the previous Korean study reporting a 66% complete response rate after a single session of MAL-PDT.
In this study, we demonstrated that ALA-PDT and MAL-PDT were equally effective in treating multiple AKs (68.0% vs. 62.3%, respectively). The efficacy of both PDT modalities after the single session assessed in our study was slightly lower than that in previous studies (68.0% with ALA-PDT in our study vs. 73%∼91% 11, 12 ; 62.3%
with MAL-PDT in our study vs. 69%∼92% 10, 16 ). There are several reasons for this result. First, 2 treatment sessions of PDT were more effective than a single treatment session for multiple AK lesions because of increased tissue damage and dysplastic cell death in neoplastic lesions 15, 16 . In our study, decreased efficacy was observed because the number of treatment sessions was lower than that of previous studies [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] 22, 23 . Second, PDT of mild AK lesions shows higher complete response rates compared with that of moderate and severe AKs 10, 27 , as severe AKs are characterized histopathologically on the basis of considerable overlying hyperkeratosis and parakeratosis, which may disturb ALA and MAL absorption within abnormal cells during the illumination of lesions 28 . The higher proportion of moderate to severe AKs (ALA-PDT, 66.7%; MAL-PDT, 91.3%) in our study compared with that of the other studies may have influenced the lower efficacy shown in our study [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . Finally, the facial AK treatment efficacy in Asian patients was similar to that in Caucasian patients; however, 2 to 6 treatment sessions were required 18, [20] [21] [22] . Additionally, higher light doses and longer irradiation times were required for dark-skinned patients relative to those required for Caucasian patients 19 . These findings suggest that the efficacy of both PDT modalities is lower in Asian populations than in Caucasian populations. Gerritsen et al. 29 reported that ALA-PDT is ineffective for pigmented basal cell carcinoma as a standard treatment because melanin absorbs the photoactivating light intended for PpIX. A previous study reported that melanomas have a poor response to PDT because melanin absorbs light over the entire wavelength region used for PDT (400 ∼750 nm) 30 . In this study, a single ethnic population (Asian only) consisting only of individuals with dark skin (Fitzpatrick skin types III to V) was evaluated, which may have contributed to the lower complete response rates of PDT. Therefore, the treatment efficacy of ALA-PDT and MAL-PDT in our study was slightly lower than that in Caucasian populations, and repeated treatment is recommended for multiple AKs in Asian populations. Furthermore, pretreatment procedures (including keratolytics, curettage/ debulking, tape stripping, microdermabrasion, and laser ablation) for hyperkeratosis is needed because the penetration enhancers may alter the composition of the intercellular lipids and the barrier function of the stratum corneum for AKs in Asian patients 29 .
A higher complete response rate was observed with MAL than with ALA because the enhanced lipophilicity of MAL increased its penetration and tumor cell specificity 7, 9 . It has been demonstrated that MAL-PDT is more effective than ALA-PDT in multiple facial AKs. In previous studies with ALA for treatment of AK, the efficacy of PDT was 73% to 91% in Caucasians [11] [12] [13] , and other studies have reported complete response rates of 73% to 82% in Asian populations 18, 19 . In addition, previous studies have reported the efficacy of MAL-PDT to be 69% to 92% for AK lesions on the face or scalp in Caucasians 10, [14] [15] [16] [17] . These studies demonstrated that PDT has a significant efficacy in AKs, whereas there is no significant difference between ALA and MAL in terms of efficacy. The overall complete response rates between MAL-PDT and ALA-PDT showed no significant difference. MAL-PDT (62.3%) showed a lower tendency toward a complete response than ALA-PDT (68%) because the MAL group had a higher proportion of moderate to severe AKs in our study (ALA, 66.7%; MAL, 91.3%). In this study, the long-term efficacy of AK peaked at 3 months and then decreased gradually. Our results were consistent with those of a previous long-term follow-up study 31 .
Until now, the time point for maximum porphyrin accumulation because of 5-ALA application is still controversial for AKs 32, 33 . In many clinical studies, the application time of 5-ALA was 3 to 6 hours 11, 13, [18] [19] [20] 23 . In a previous study, the total porphyrin levels in basal cell carcinoma and squamous cell carcinoma showed maximum values of 2 to 6 hours 32 . In addition, the effect of PpIX fluorescence after the application of ALA is dependent on the duration of the application 33 . Therefore, we performed 5-ALA treatment for 6 hours to achieve high complete response rates. In previous studies, the recurrence rates at 12 months after ALA-PDT were reported to be 3.5% to 19.0% for AKs of the face and scalp in Caucasians 34, 35 . A study conducted by Nakano et al. 18 reported no recurrence both clinically and histologically in Asian patients at 12 months after 3 or 4 sessions of ALA-PDT. Additionally, Dirschka et al. 36 reported a 25.4% recurrence rate at 12 months after MAL-PDT. In our study, the tendency of recurrence was lower in the ALA-PDT group than in the MAL-PDT group at 12 months after treatment, with no significant difference (ALA, 16.3%; MAL, 18.6%). At 12 months, the recurrence rates according to the Olsen grade were similar, with no significant difference between both the methods. The larger number of moderate to severe AKs in the MAL-PDT group in our study may have played a role in the higher recurrence rates observed in this group compared with that in the ALA-PDT group. The recurrence rates with both PDT modalities in our study were in agreement with previous studies; however, long-term follow-up studies are needed to accurately evaluate the long-term recurrence rates.
In this study, the cosmetic outcomes of MAL-PDT were better (96.5%) than those of ALA-PDT (89.6%) at 12 months after treatment; however, this difference was not statistically significant. The cosmetic outcomes of ALA-PDT and MAL-PDT were in accordance with those of previous studies 10, 11, 25, 37, 38 . Previous studies also demonstrated that PDT seems to be associated with a better cosmetic outcome than other treatment options including cryotherapy, 5-fluorouracil, and 5% imiquimod cream (up to 90%) 10, 11, 25, 26, 37, 38 . Because of the selectivity of MAL for neoplastic cells, optimal destruction of AK is achieved while the normal skin is left intact 8 .
All patients experienced pain with variable intensity (mild to severe) during the illumination procedure in our study. Our results demonstrated that MAL-PDT (VAS, 3.4±2.0) was significantly less painful than ALA-PDT (VAS, 5.0± 2.4) during illumination. These findings were in close accordance with those of several previous studies [38] [39] [40] [41] .
Kasche et al. 39 compared the tolerability of MAL and ALA.
ALA is thought to be transported by β-amino acids and γ-aminobutyric acid carriers, which suggests a greater uptake in peripheral nerve endings, causing increased pain 40 . In another previous study, the rate of PpIX photobleaching was used as an indicator of pain intensity and the results showed that the time for pain induction was proportional to the rate of PpIX photobleaching 41 . The results demonstrated that, in normal skin, ALA induced 3-fold more PpIX than MAL, which might explain the apparent difference in pain scores 41 . Wiegell et al. 42 reported that MAL induced less fluorescence, and was associated with decreased pain during illumination when compared with those for ALA. PDT at low fluorescence rates has been shown to be consistently associated with low pain scores, as low fluorescence rates reduced the rate of tissue hypoxia in a previous study 43 . Moreover, Steinbauer et al. 44 considered the use of ALA as a predictive factor for higher pain levels, in contrast with MAL. More studies are necessary to determine the most appropriate PDT techniques and to elucidate the pathogenesis of PDT-induced pain. The most common local adverse events in our study were erythema, burning sensation, hyperpigmentation, crust formation, pruritus, edema, and bullae. The profile of local adverse events mainly reflected the expected, local, phototoxic reactions 9, 16, 17 . In our study, the symptoms were generally self-limiting, relatively transient, and of mild to moderate intensity. Furthermore, the incidence of adverse events with ALA-PDT was not significantly different from that of MAL-PDT. Therefore, ALA-PDT and MAL-PDT are both attractive treatment options for facial AKs, with comparable efficacy, recurrence rates, cosmetic outcomes, and adverse events during a long-term follow-up period. However, MAL-PDT is a more appropriate treatment considering the pain intensity observed in our study. Only a single previous study has directly compared the efficacy and pain severity of ALA-PDT and MAL-PDT in multiple AKs on the scalp 45 . Moloney and Collins 45 showed that the efficacy of MAL-PDT was 71%, whereas that of ALA-PDT was 87%. Both PDT methods resulted in a significant reduction in AK lesions, but they did not significantly differ in terms of efficacy. However, ALA-PDT was more painful than MAL-PDT in extensive scalp AKs 45 .
The previous study showed that both photosensitizers had a comparable efficacy in PDT, although MAL-PDT was less painful than ALA-PDT 45 . In our study, the efficacy after a single session of both PDTs was slightly lower than that observed in the study by Moloney and Collins 45 because of the high proportion of moderate to severe AKs and the dark skin type of the subjects. However, we observed a similar result for the efficacy and pain intensity in both the PDT groups.
To the best of our knowledge, this is the first study that compared the efficacy, recurrence rates, cosmetic outcomes, and safety of ALA-PDT versus MAL-PDT with a long-term follow-up in Asians. However, the results of our study are limited by the small sample size and the single ethnic group (Koreans) composition of subjects, and therefore may not be representative for all patients with AK. Therefore, a multicenter study with a large sample size and including various ethnic populations should be performed to confirm the results of this study.
In conclusion, the long-term efficacy, recurrence rates, cosmetic outcomes, and adverse events of a single MAL-PDT session were similar to those of ALA-PDT. However, the pain severity associated with MAL-PDT was significantly lower than that associated with ALA-PDT. Therefore, we suggest that MAL-PDT may have more advantages than ALA-PDT for the treatment of multiple facial AKs in terms of pain intensity, although both PDT methods have a high complete response rate, good cosmetic outcomes, and less adverse events than other treatment modalities for multiple AKs.
